The positron lifetimes in the B2 intermetallic compounds Co 100−X Al X (X = 46.9 to 54.1) water-quenched, air-and furnace-cooled from high temperatures have been measured to reveal their defect structures. The positron mean lifetime depends entirely on the composition, irrespective of the cooling rate, and steadily increases from 161 to 180 ps as the Al concentration increases from 46.9 to 54.1 at%. A waterquenched Co 53.1 Al 46.9 was isochronally annealed for 900 s successively at 25 K intervals up to 1073 K, but its positron lifetime remained unchanged by the annealing. These results clearly show that vacancies are formed not only on the Co-sites but also on the Al-sites, and the total vacancy concentration is more than 10 −4 in both the Co-rich and the Al-rich CoAl. It was furthermore found that the population ratio of Al-vacancies to Co-vacancies gradually increases with the Co concentration, and the number of Al-vacancies is comparable with that of Co-vacancies in the vicinity of stoichiometric composition.
Introduction
The intermetallic compound phase, CoAl, is practically used as a coating material for cobalt-base high temperature alloys because of its high melting point and excellent oxidation resistance. It has B2 (CsCl) type ordered structure. The CoAl phase is known to exist over a wide composition range, extending across the stoichiometric composition, 1) and hence constitutional defects must naturally be formed at nonstoichiometric compositions.
Bradley and Taylor 2) proposed a model of defect structure in the B2 intermetallic compound which is called the BT model, on the basis of the composition dependence of lattice constant and density of NiAl. Bradley and Seager, 3) and Cooper 4) found that the composition dependence of lattice constant and density of CoAl has a strong resemblance to that of NiAl, and deduced that CoAl obeys the BT model; at the stoichiometric composition all the cube centers (Cosites) and the cube corners (Al-sites) are filled with Co and Al atoms, respectively; on the Co-rich side of the stoichiometry, the excess Co atoms are substituted on the Al-sites, resulting in the Co-antistructure atoms; on the Al-rich side, instead of the substitution of the Al atoms on the Co-sites, a substantial number of vacancies on the Co-sites, Co-vacancies, are created. However, Xiao and Baker, 5) and Kogachi and Tanahashi 6) have recently investigated the long range order in CoAl by means of powder X-ray diffractometry (XRD), and claimed that the Al-antistructure atoms and/or Al-vacancies, which are regarded as negligible in the BT model, are formed. The defect structure in CoAl is thus still controversial, and the understanding of its mechanical property and atomic diffusion has been obstructed.
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for sensitively detecting vacancies in alloys. [7] [8] [9] [10] [11] [12] Its detection limit is of the order of 10 −6 in atomic fraction, which is 3 orders of magnitude lower than that of the method 13) combined the XRD and density measurements. It is therefore effective in investigating the defect structure, particularly in the Corich CoAl, where the constitutional vacancies have been reported by some researchers 3, 4) not to be formed. Furthermore, because of the difference in the positron lifetime between the Co-vacancy and the Al-vacancy, positron lifetime measurement can be expected to give us direct information on the site occupancy of vacancies, which has been unable to come into our possession through the XRD and density measurements. In this work we have hence studied the defect structure in CoAl by means of positron lifetime spectroscopy.
Experimental Procedure
Six ingots were prepared by repeated arcmelting of pure cobalt (99.92%) and aluminum (99.99%) in high purity argon gas atmosphere. They were annealed for 172.8 ks at 1573 K in argon gas atmosphere for homogenization and then cooled in a furnace. The concentrations of four ingots were determined by means of chemical analysis to be Co-47.3, 49.4, 50.5 and 51.5 at%Al, respectively, and the others were analyzed with an electron probe microanalyzer to determine their concentrations, which are Co-46.9 and 54.1 at%Al.
The alloy samples were cut into 10 × 10 × 1.2 mm 3 plates with an electrodischarge machine and electrolytically polished using a solution of perchloric acid and methyl alcohol. Some of the plates were annealed for 72 ks at 1273 K in argon gas atmosphere and then cooled in air or quenched in icedwater. Furthermore, water-quenched plates of Co 53.1 Al 46.9 were isochronally annealed for 900 s successively at 25 K intervals up to 1073 K and subsequently cooled in air. After each heat treatment the positron lifetime measurement was made at room temperature using a fast-fast timing co-incidence system with a time resolution (FWHM) of 190 ps. A 30 µCi positron source of 22 Na was sandwiched between two identical sample plates. The source contribution and the resolution functions were evaluated by using the code RESOLUTION.
14) The lifetime spectra were analyzed using the POSITRONFIT EXTENDED program. 15, 16) Figure 1 shows the composition dependence of positron mean lifetime in furnace-cooled CoAl. The positron mean lifetime continuously increases from 161 to 180 ps as the aluminum concentration is increased from 46.9 to 54.1 at%. The first-principles calculation with the DV-Xα method by our research group 17) shows that for CoAl with the B2 type ordered structure the positron lifetime in the perfect lattice is 116 ps, and the positron lifetimes in the Co-vacancies and Alvacancies are 184 and 173 ps, respectively. All the positron mean lifetimes measured for the furnace-cooled specimens with various compositions are at least 40 ps longer than the calculated positron lifetime in the perfect lattice, and are rather close to the calculated positron lifetimes in Co-vacancy and Al-vacancy.
Results and Discussion
As shown in Fig. 1 , the variance of the fit χ 2 q −1 seems to have a tendency to increase with approaching the stoichiometric composition. However, even its maximum value is smaller than 1.2. These small values of χ 2 q −1 for all the specimens can be interpreted as due to the saturation trapping of positron by vacancies whose difference in positron lifetime is not large. These experimental results indicate that each specimen contains many vacancies of the fraction more than 10 −4 . mean lifetime in air-cooled and water-quenched CoAl. The positron mean lifetimes for both the air-cooled and waterquenched specimens incessantly increase from 162 to 179 ps, depending entirely on the composition, and the variance of the fit χ 2 q −1 is smaller than 1.2 at all the compositions. The positron mean lifetimes for the air-cooled and waterquenched specimens agree with each other, and show no significant difference from those for the furnace-cooled specimens shown in Fig. 1 . Although thermal vacancies existing at 1273 K were frozen in by water-quenching or air-cooling, the positron mean lifetime remains unchanged. If the equilibrium vacancy concentration at room temperature is not enough (less than about 10 −4 ) for the positron saturation trapping, only in a rapidly cooled specimen most positrons must be trapped in the quenched-in vacancies and have long lifetime, but in a slowly cooled specimen most positrons must not be trapped in the vacancies and the positron mean lifetime must be shorter. The different cooling methods should consequently make a considerable difference in the positron mean lifetime. On the other hand, if many vacancies of the fraction more than 10 −4 exist even at room temperature, the saturation trapping must take place in both the slowly and rapidly cooled specimens and there must be no significant difference in the positron lifetime between them. The small χ 2 q −1 and no difference in the positron mean lifetime among the water-, air-and furnace-cooled specimens therefore means that many vacancies of the fraction more than 10 −4 exist at room temperature. ist in non-equilibrium, the recovery process of the vacancies must be found in Fig. 3 . However, the positron mean lifetime of the specimen remains unchanged by the isochronal annealing, and the saturation trapping of positron still occurs. This clearly demonstrates that many vacancies of the fraction more than 10 −4 exist in equilibrium at room temperature even in the Co-rich CoAl. The conclusion is consistent with the results of density measurements by Kogachi and Tanahashi, 6) and Wachtel et al., 18) and the similar defect structure has been found in the other B2 intermetallic compound phase, NiAl. 19, 20) It is thought that the composition dependence of positron mean lifetime shown in Figs. 1 and 2 reflects the composition dependence of the site occupancy of vacancies, because it is confirmed that the saturation trapping of positron by the vacancies takes place at all the compositions. In this case the positron mean lifetime, τ M , is given by
where τ Co-Vac and τ Al-Vac denote the positron lifetimes in Covacancy and Al-vacancy, respectively. f Al-Vac is the fraction of Al-vacancies to all the vacancies. The first-principles calculation 17) shows that τ Co-Vac is appreciably longer than τ Al-Vac , although the two positron lifetimes are somewhat overestimated because the relaxation of lattice around the vacancies is not considered in the calculation. The concentrations of Co-antistructure and Al-antistructure atoms have at most the order of 10 −2 in atomic fraction and their effects on τ Co-Vac and τ Al-Vac are very small, and the term τ Co-Vac − τ Al-Vac is thus estimated to be positive and almost constant. The gradual decrease in the positron mean lifetime with the Co concentration can consequently be interpreted as due to the gradual increase in f Al-Vac , and it follows that the number of Al-vacancies is already comparable with that of Co-vacancies in the vicinity of stoichiometric composition. The change in χ 2 q −1 supports this interpretation. As shown in Fig. 1 5 , which are in the middle of CoAl phase field, are significantly higher than unity. This result means that the approximation of measured spectrum to a single component becomes worse with approaching the stoichiometric composition, because the number of positrons trapped in vacancies on one kind of sites becomes comparable with that of positrons trapped in vacancies on the other kind of sites.
The gradual increase in f Al-Vac with the Co concentration is easily accepted as a compensation for the deviation from stoichiometry, and it is concluded that the existence of constitutional Al-vacancies was confirmed here, in contrast to the BT model 2) and the triple defect model. 21) Furthermore, it should be emphasized that some vacancies also exist on the sites assigned to surplus atomic species.
Some researchers [3] [4] [5] [6] 18) have experimentally investigated the defect structure in CoAl. Bradley and Seager, 3) and Cooper 4) found that the lattice spacing of CoAl, which has the maximum at the stoichiometric composition where its density has the maximum, falls slowly on the Co-rich side but more steeply on the Al-rich side. They concluded from this result that Co-vacancies and Co-antistructure atoms are formed as constitutional defects on the Al-rich and Co-rich sides, respectively. Since then it has been believed that Al-vacancies are not formed as the constitutional defects in CoAl, whereas their experimental results, strictly speaking, do not deny the existence of constitutional Al-vacancies in it. Their results merely indicate that the total amount of constitutional vacancies formed on the Al-rich side is much larger than that on the Co-rich side, and are not inconsistent with our results. In the absence of information on the site occupancy of vacancies they had no choice but to assume the simple defect structure to explain the composition dependence of lattice parameter and density.
Wachtel et al. 18 ) also assumed only Co-vacancies and Coantistructure atoms to appear as the structural defects and estimated their concentrations from the lattice parameter and density measurements. By interpreting strictly their experimental results, it follows that the total vacancy concentration is of the order of 10 −3 in atomic fraction even on the Co-rich side of the stoichiometry and increases with the Al content. Our results do not conflict with their results either, because the saturation trapping of positron by vacancies is observed not only in the Al-rich compositions but also in the Co-rich compositions. Furthermore, Wachtel et al. 18) measured the atomic magnetic susceptibility of Co-rich CoAl and found a large decrease in effective magneton number with approaching the stoichiometric composition. The anomalous behavior can be interpreted as due to the formation of Al-vacancies and the corresponding decrease of Co-antistructure atoms, and thus our results are not inconsistent with their experimental results.
Xiao and Baker 5) have recently analyzed the integrated intensities of diffracted X-ray peaks. They showed that not only Co-vacancies but also Al-antistructure atoms are formed as the constitutional defects on the Al-rich side of the stoichio-metric composition, and modified the simple defect structure proposed by Bradley and Seager.
3) On the other hand, they claimed that constitutional vacancies do not exist on the Corich side, in contrast to our results. Our detection limit of vacancy is much lower than theirs, and this disagreement is presumably due to their lower detection sensitivity. Kogachi and Tanahashi 6) have determined the total vacancy concentration and the fractions of lattice sites occupied by Co-antistructure and Al-antistructure atoms from the combinational use of the density measurement and the analysis of X-ray peaks, and indirectly deduced the concentrations of Covacancy and Al-vacancy. Their results show that on the Corich side Co-vacancies are not formed, but the concentration of Al-vacancy is the order of 10 −3 in atomic fraction; on the Al-rich side Al-vacancies furthermore increase with the Al concentration, while Al-antistructure atoms and Co-vacancies are formed to compensate for the surplus of Al atoms.
Our experimental results do not disagree with the results of Kogachi and Tanahashi 6) that appreciable amounts of Alvacancies, which are neglected in the BT model, 2) exist in the slightly Al-rich compositions near the stoichiometry and in the Co-rich compositions. However, our results deny their results that Co-vacancies do not exist in the slightly Co-rich compositions near the stoichiometry, and that Al-vacancies are formed in preference to Co-vacancies in the Al-rich compositions. If the concentration of Al-vacancy is much larger than that of Co-vacancy at all the compositions, as claimed by Kogachi and Tanahashi, 6) the measured positron mean lifetime must be almost constant with Al content and must be equal to the positron lifetime in the Al-vacancy, since the variation of positron lifetime in the Al-vacancy induced by the change in the composition of CoAl is very small. However, as shown in Figs. 1 and 2 , the positron mean lifetime significantly decreases as the Al concentration decreases across the stoichiometric composition. This result clearly shows that on the Al-rich side vacancies are preferentially formed on the Co-sites, and vice versa, and near the stoichiometry the number of Co-vacancies is comparable with that of Al-vacancies.
Conclusions
The positron lifetimes in Co 100−X Al X (X = 46.9 to 54.1) water-, air-and furnace-cooled from high temperature were measured and the following conclusions were deduced:
(1) The saturation trapping of positrons by vacancies was observed not only on the Al-rich side but also on the Co-rich side and around the stoichiometry.
(2) Irrespective of cooling rates, the positron mean lifetime steadily increases from 161 to 180 ps as the Al concentration increases from 46.9 to 54.1 at%Al.
(3) The existence of Al-vacancies was confirmed in contrast to the BT model and the triple defect model. (4) Vacancies are formed on the sites assigned to surplus atomic species as well as on the sites assigned to deficient atomic species.
(5) The population ratio of Al-vacancies to Co-vacancies steadily increases with the Co concentration.
(6) The number of Al-vacancies is comparable with that of Co-vacancies near the stoichiometric composition.
